We have studied the possibility of above bandgap light induced depolarization of CdZnTe planar radiation detector operating under high flux of X-rays by Pockels effect measurements. In this contribution, we show a similar influence of X-rays at 80 kVp and LED with a wavelength of 910 nm irradiating the cathode on polarization of the detector due to an accumulation of a positive space charge of trapped photo-generated holes. We have observed the depolarization of the detector under simultaneous cathode-site illumination with excitation LED at 910 nm and depolarization above bandgap LED at 640 nm caused by trapping of drifting photo-generated electrons. Although the detector current is quite high during this depolarization, we have observed that it decreases relatively fast to its initial value after switching off the depolarizing light. In order to get detailed information about physical processes present during polarization and depolarization and, moreover, about associated deep levels, we have performed the Pockels effect infrared spectral scanning measurements of the detector without illumination and under illumination in polarized and optically depolarized states. V C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
CdZnTe (CZT) with 10-15% of Zn content represents a state-of-the art material for hard energy X-ray and gammaray radiation detectors. Due to a high degree of compensation of shallow impurities and increased bandgap energy at room temperature when compared to CdTe, CZT can be prepared with resistivity 10 10 -10 11 X cm. 1 Detectors fabricated from this semi-insulating material thus do not require Schottky contacts to further decrease the dark current. The gradual deformation of the electric field after application of external bias connected with decrease of charge collection efficiency (polarization) without radiation flux is therefore normally not observed in case of CZT detectors. At high radiation fluxes (10 8 -10 9 photons per mm 2 and second) required, e.g., for computed tomography, photo-generated holes can be trapped at deep levels. The formed space charge then results in deformation of the internal electric field (polarization at high fluxes). [2] [3] [4] [5] The principal possibility to change the occupation of deep levels with infrared light at high fluxes was experimentally proven in Ref. 3 . The change of occupation results in modification of the profile of internal electric field 4 and photocurrent temporal response.
Washington et al. performed a postgrowth manipulation of the internal electric field by sub bandgap illumination with several discrete wavelengths of infrared light. 6 Sato et al. 7 measured polarization phenomena in Schottky Cl doped CdTe diodes using infrared light illumination. They observed that the detector showed a recovery when illuminated after completion of the bias-induced polarization.
The Pockels effect method and measurements of I-V characteristics in CdTe samples were used to study polarization phenomena in Refs. [8] [9] [10] [11] . In our recent paper, 12 we have applied the technique of infrared spectral scanning combined with the Pockels electro-optic effect to investigate the energy of deep levels responsible for depolarization with infrared light and to look for an optimal energy range for depolarization.
In the current contribution, we offer a study of depolarization using above-band gap light instead of the infrared light. In contrast with sub bandgap light, in the case of depolarization by cathode illumination with above bandgap light, there is no generation of holes in the whole detector volume.
II. EXPERIMENTAL
We applied the electro-optic Pockels effect combined with two additional sources of light to investigate the energy range suitable for depolarization and to study the depolarization and its time evolution. 6 For the measurements of the Pockels effect, the sample was illuminated with a lowintensity light beam from a LED with a wavelength of 1550 nm passing through a pair of 90 orthogonally oriented polarizing filters. The transmitted light was collected by IR digital camera with InGaAs matrix sensor ( Fig. 1(a) ) and used to evaluate the distribution of the electric field by formula
where I 0 (x,y) is the distribution of the transmitted light intensity passing through the system of parallel polarizers, I(x,y) is the intensity for orthogonal polarizers, n ¼ CdZnTe and L ¼ 4.3 mm is the optical path length through the sample. We performed the electric field measurements under X-ray radiation ( Fig. 3(a) ) using a Si camera instead of an InGaAs camera at the wavelength of 980 nm instead of 1550 nm (different setup connected with the X-ray source). The values of refractive index and electro-optic coefficient at k 0 ¼ 980 nm are 2.9 and 6.5 Â 10 À12 m/V, respectively. The smoothness of the calculated electric field profiles is in some cases disturbed by surface scratches and damage of the detector sample. The reproducibility of experimental results can be also to some extent affected by variation of an optical adjustment of the sample. We estimate the experimental error due to changes of the signal caused by the optical adjustment of the sample and its optical quality to 10%.
The studied sample was a (111) oriented CZT sample with resistivity 1 Â 10 10 X cm and electron mobility-lifetime product 3 Â 10 À3 cm 2 /Vs. The dimensions of the sample were 5 Â 4.3 Â 1.5 mm 3 . Evaporated gold was used as a cathode and indium as an anode. In this configuration at the Au/CZT interface, the bands are slightly bent upwards, while on the In/CZT interface downwards. 13 In the case when Au acts as a cathode and In as an anode both metal/CZT junctions are biased in a reverse direction. Au is blocking electrons and In holes.
Such a combination of contacts guarantees a low dark current in high-resistivity samples, where the Fermi level can fluctuate in the midgap region and both electrons and holes can contribute to the dark current. In the current investigation we applied the same contacts to CdZnTe. The measured I-V characteristic is shown on Fig. 2 . The device was operated at À500 V during the measurements. The cathode was irradiated either by Cu-target X-ray tube set at 80 kVp or LED peaked at 910 nm to generate free carriers. In order to achieve depolarization, the cathode was simultaneously illuminated by continuous or pulsed light from a 640 nm red LED.
The response time of the IR camera was approx. 40 ms. For the measurement of fast changes of the electric field, the camera was replaced by an avalanche photodiode with response time $5 ls. As the electric field profiles are commonly monotonic between the electrodes, it is possible to measure them locally in order to get relevant information about whole profiles. In this case, the most of the sample was protected by a metal mask. The 1550 nm light was passing through a thin opening below the cathode providing an average electric field in this area and its time evolution. The time profile of the electric current passing through the sample was measured by an oscilloscope. The scheme of the setup is presented in Fig. 1(b) .
All the measurements were performed at 300 K unless otherwise indicated.
III. RESULTS AND DISCUSSION
There are two principal ways how to optically manipulate occupation of deep levels-using below or above bandgap light. In the first case, the light penetrates through the sample and interacts with deep levels. In case that a fixed positive space charge is present in the sample due to radiation induced hole trapping, the transfer of electron from valence band to the level results in a decrease of the fixed positive space charge (depolarization)- Fig. 3(a) . At the same time, electrons can be transferred from deep levels to the conduction band and increase the positive space charge (additional polarization by light). Which of the processes prevails depends on photoelectric capture-cross sections of the corresponding transitions. Typically, several deep levels are present in the crystals which further complicate the situation. Another possibility of optical manipulation of the occupancy of deep levels is an illumination of one of the electrodes with light with energy above the bandgap. In this case electron-hole pairs are generated just below the electrode and depending on the polarity holes (electrons) immediately recombine, while electrons (holes) drift through the sample to the opposite electrode. In the case of cathode illumination electrons drift to the anode (Fig. 3(b) ). During the drift the electrons can be trapped on deep levels that were emptied due to radiation induced hole trapping as well as on other electron traps, this way decreasing the positive space charge. The efficiency of this mechanism depends only on electronic capture-cross sections of the deep levels and the intensity of the illumination. Compared to the case of infrared illumination, no holes are generated and trapped using the abovebandgap light within the volume of the sample.
A. Infrared spectral scanning
We performed comparative testing of the influence of the X-ray source and LED on the formation of space charge. We adjusted the intensity of the 910 nm LED to achieve polarization of the detector comparable to the application of the X-ray source. The profiles of the electric field and the electric current in the detector when irradiated by X-rays and by the 910 nm LED are presented in Figs. 4 and 5, respectively. It is apparent that both the electric field and the electric current are comparable in both cases. We therefore assume that both types of irradiation lead to a similar change of occupation of deep levels. This allows us to use in most experiments the LED with better defined radiation and it is easier to operate than the spectrally broad X-ray source.
We employed the method of infrared spectral scanning of the Pockels effect to characterize the energy range optimal for depolarization of the CdZnTe material by light. We used the Pockels effect setup with two additional sources of light-the 910 nm infrared LED illuminating the cathode to generate electron-hole pairs and a tunable Ti-sapphire laser to change the occupation of deep levels. The setup and the experimental procedure is in detail described in our Ref. 12 . The results of the measurement at energies 1.2-1.8 eV are shown in Fig. 6 . Three different regions can be seen in energy dependence of the tunable laser. At energies smaller than 1.35 eV, the electric field decreases due to illumination. This corresponds to decrease of the positive space charge caused by optically induced electron transitions from valence band to deep levels ( Fig. 3(a) ). In the energy range 1.35-1.55 eV, we observe opposite behavior. The positive space charge increases with illumination and the sample is more polarized. At these energies, the additional optical illumination induces transitions of electrons from the valence band to the conduction band including shallow energy states in the gap close to both energy bands. Holes having a low 
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mobility are trapped at deep levels. This way the positive space charge increases. The efficiency of hole trapping increases up to 1.48 eV (maximum of the photopeak). At higher energies, the light is absorbed closer to the surface. The volume in which the holes can be trapped is smaller and smaller is also the total amount of the additional positive space charge. At approx. 1.55 eV comes to an abrupt transition to a decrease of the positive space charge under additional illumination. Now the light is absorbed very close to the cathode, the trapping of holes is negligible and drifting electrons are trapped on deep levels emptied due to the initial illumination with the 910 nm LED (Fig. 3(b) ). The sample is depolarized by light with above-bandgap energy. This effect slightly increases up to 1.8 eV (energy limit of the tunable laser).
B. Depolarization with above bandgap light
For the depolarization experiment, we employed the 640 nm LED. The profile of the electric field in the sample simultaneously illuminated with the 910 nm LED and with the depolarizing 640 nm LED is presented in Fig. 7 . Without any illumination, the profile of the electric field is nearly flat indicating minimum space charge present in the sample. After illumination with the 910 nm IR LED positive space charge accumulates due to trapping of holes and the electric field below the cathode increases. Simultaneous application of the red light leads to depolarization by trapping of drifting electrons. The effect increases with increasing intensity of illumination, finally leading to a near restoration of the original electric field profile.
The electric current flowing through the detector at illumination is presented in Fig. 8 . It increases with increasing intensity of the 640 nm red light showing a tendency to saturate. Although the current substantially exceeds the signal current without illumination, after switching off the 640 nm light it decreases within $5 ms to its initial value as it is shown in Fig. 9(a) .
We have performed time and temperature dependent measurements of the electric field under the cathode after switching off the depolarizing LED at 640 nm using the APD. The results presented in Fig. 9(a) show that the "recovery" of the electric field profile is thermally activated and it can be explained by a thermal emission of the , it is evident that electric field measurements are sensitive just to a space charge changes associated with thermal emission, while the current measurement is more sensitive to the drift of photogenerated electrons which is represented by a strong decrease of the current in the range of 0 and $100 ns after switching of the above bandgap light shown in Fig. 9(a) . We estimate the error of the current measurement performed by oscilloscope with an input impedance 50 X from Fig. 8(a) to be 100 nA, while the errors of current measurements performed by sourcemeter Iseg SHQ 122 M shown in Figs. 5 and 8 are negligible compared with the used scale.
C. Study of deep levels participating in polarization and depolarization
To increase the understanding of physical processes present during polarization and optically induced depolarization effects, we performed a series of measurements of infrared spectral scanning of the detector without irradiation and under illumination in polarized and optically depolarized states. In this method, we applied additional infrared light using a monochromator. This light changes the occupation of deep levels and therefore the electric field profile under study. Fig. 10 shows the profiles of the electric field without illumination and illuminated with light from the monochromator in the range of wavelength 900-1700 nm. We present only selected profiles to illustrate the results. A detailed dependence of the electric field just below the cathode on the wavelength of the monochromator is shown in Fig. 11 .
The electric field is relatively flat within the sample without the illumination. Illumination at 1650 nm (0.75 eV) results in a measurable increase of the electric field. This corresponds to a formation of positive space charge as a result of illumination. We explain this effect by the transfer of electrons from a level close to midgap to conduction band. This effect intensifies with decreasing wavelength of the infrared light. The strong increase of the electric field at 1100 nm (1.13 eV) corresponds to a transition of electrons from another deep level to the conduction band.
The electric field below the cathode decreases close to zero when the sample is illuminated with red diode. Infrared spectral scanning in this case leads to an additional increase of the field starting at approx. 1400 nm (0.88 eV) that was not observed without illumination with the 640 nm LED. We explain this measurement as follows. Electrons photogenerated by red light below the cathode drift to the anode and fill in the trap localized 0.88 eV from the conduction band. This leads to the experimentally observed decrease of the electric field below the cathode. Infrared light then optically transfers these electrons to the conduction band and the electric field had the tendency to increase. From this experiment, we conclude that photo-generated electrons are mainly trapped at a level 0.88 eV from the conduction band. Part of the electrons can be also trapped at the midgap 0.75 eV level. The experimental error of evaluation of above-mentioned level energies is approx. 0.05 eV.
The experiments described above were performed and analyzed in order to increase our understanding of general trapping and optical de-trapping conditions in the studied material. Our main goal was, however, to study the application of red light in the depolarization process. To do so, we applied the infrared spectral scanning to the cases of the sample polarized with 910 nm light and the sample subsequently optically depolarized by 640 nm red light. We present the results of these experiments in Fig. 12 .
The sample illuminated by infrared light with a wavelength of 910 nm is polarized with positive space charge due to trapping of holes. Infrared light from the monochromator starts to decrease this positive space charge at wavelength of approx. 1650 nm (0.75 eV). We observed a similar behavior in other CZT sample in our Ref. 12 , which we explained as due to optically induced transitions of electrons from valence band to a midgap level at 0.75 eV. Then we partially depolarized the sample using 640 nm red light. The electric field below the cathode decreased from 6600 V/cm to 4800 V/cm due to trapping of drifting photo-generated electrons at deep levels 0.88 eV and possibly 0.75 eV from the conduction band.
Then we performed again the infrared spectral scanning. In this complex experiment, 4 types of illumination are present-the very weak Pockels light at 1550 nm, the polarizing 910 nm light, the depolarizing 640 nm light, and the light from the monochromator changing the occupation of deep levels. It is apparent that the shape of the dependence of the electric field below the cathode on IR wavelength light is nearly the same as without depolarization by red light. The two profiles are just mutually shifted due to the presence of trapped electrons in the system. This fact supports the results from Fig. 11 . The photo-generated electrons are mainly trapped at the 0.88 eV level. The trapping at the 0.75 eV level is rather weak. That is why we do not see any substantial changes in the shape of the profiles with and without depolarizing 640 nm light in Fig. 12 . It is therefore apparent that the 0.75 eV level communicates mainly with the valence band. Here, the holes are trapped and can be optically detrapped. From the point of view of electrons, it acts as a recombination center. Trapped electrons recombine quickly with strongly trapping holes at this level. The 0.88 eV level is the main electron trap. It is not clear whether this trap can be influenced optically in the depolarized state, because the infrared light preferentially interacts with the 0.75 eV level (hole de-trapping) and 1.13 eV level (optically induced transfer of electrons to conduction band, increase of positive space charge). We present the scheme of the energy levels and their role in trapping and optically induced detrapping processes presented in Fig. 13 . The summary of results of studies of deep levels in CdZnTe by a combination of PICTS and photo-DLTS methods was presented by Castaldini et al. in Ref. 13 . They observed a common trap at E V þ 0.76 eV and attributed it to a deep acceptor complex related to the second ionized state of cadmium vacancy. According to our results of Pockels effect measurements presented above, we assume that this is the same level that is responsible for trapping of holes and their optically induced de-trapping observed by the infrared spectral scanning.
IV. CONCLUSIONS
We have studied the high-flux induced polarization and above bandgap light induced depolarization in planar CdZnTe detector. We have observed the depolarization of the detector under simultaneous cathode-site illumination with excitation LED at 910 nm and above bandgap LED at 640 nm caused by trapping of drifting photo-generated electrons. Although the detector current is quite high during this depolarization, we have shown that it decreases within $5 ms to its initial value after switching off the depolarizing light. In order to get detailed information about physical processes present during polarization and depolarization and, moreover, about associated deep levels, we have performed the series of infrared spectral scanning measurements of detector without illumination and under illumination in polarized and optically depolarized states. Three deep levels participating on polarization and depolarization have been found. Level at energy E c -1.13 eV is associated with a strong optical transition of the electrons to the conduction band forming positive space charge. The photo-generated electrons coming from above bandgap light illumination drifting from cathode towards anode fill the electron trap localized at energy E c -0.88 eV and cause the formation of the negative space charge and the depolarization of the detector operating under high flux. Weaker electron trapping happens also at midgap level with energy E v þ 0.75 eV which mainly interacts with the valence band as the hole trap causing polarization of the detector irradiated with high-flux X-rays. 
